The process of stone recolonization by macroinvertebrates was studied at different spatial scales in a stream in Costa Rica. A hierarchical design was used with riffles nested into reaches, and individual stones nested into riffles. Macroinvertebrate abundance and taxon richness varied at riffle scale, although patterns of variation seemed to change with time of recolonization, and taxonomic composition varied mostly at reach scale. Patterns of variation of background communities and macroinvertebrate drift at different spatial scales suggest that the contribution of these two sources of colonists to stone recolonization depends on spatial scale. Macroinvertebrate abundance was related to local environmental variables during recolonization, but taxon richness was related to the local environment only in the very first stage of the process. The need for explicitly determining the appropriate spatial scale in the study of substrate recolonization is emphasized.
INTRODUCTION
The detection of ecological patterns and processes is dependent upon the spatial scale of investigation (Levin 1992) . Ecological patterns are inextricably linked to the concept of spatial scale, and these patterns are produced by processes also acting at multiple scales, not necessarily the same scales at which patterns are observed (Levin 1992) . Thus, issues of scale are a primary focus of ecological research (Wiens 1989) . Multiscale studies have been common in the literature of certain ecological disciplines for a long time (e.g. landscape ecology, Turner et al. 1989) . In contrast, stream ecologists have only recently adopted this research perspective, despite the fact that streams are very appropriate systems for developing multiscale studies, given that they can be easily viewed as a range of hierarchical spatial scales (Frissell et al. 1986 ). The last decade has produced some decisive studies demonstrating that patterns of variation of stream macroinvertebrate communities change with spatial scale, mostly in temperate streams (e.g. Downes et al. 1993) , although there is also evidence of these multiscale patterns in a tropical stream (Boyero & Bailey 2001) . Studies of this kind are growing in number, providing new insights to stream ecosystems. However, 1 Corresponding author. E-mail: luz@mncn.csic.es these studies have approached the multiscale variation of ecological patterns, but not processes involved in those patterns. The examination of stream processes at multiple spatial scales is almost non-existent, although its necessity has been emphasized (Cooper et al. 1998) .
One of the most important processes that structures stream macroinvertebrate communities is substrate recolonization after a disturbance. This process has received its deserved attention by stream ecologists, but most studies have focused on single spatial scales (e.g. riffle scale; Lake & Doeg 1985 , Matthaei et al. 1996 , often on single habitat units (e.g. one riffle; Ciborowski & Clifford 1984) , or sometimes on longitudinal differences along a stream (Lake & Schreiber 1991 , Marchant et al. 1991 . However, the changes that occur in stone communities during this process have never been assessed over several spatial scales. Moreover, the process of recolonization mainly depends on two sources of colonists (background benthic communities and macroinvertebrate drift), and on the local environment, but these factors have not been studied at multiple spatial scales and compared with the process of recolonization at those scales.
In this paper we examine the spatial variation of macroinvertebrate communities recolonizing stones at multiple scales (reach, riffle and individual stone) in a tropical stream in Costa Rica. We ask: (1) if macroinvertebrate communities recolonizing experimentally defaunated stones vary at the scales of reach, riffle or stone; (2) if these patterns of spatial variation change during the process; (3) if these patterns of spatial variation match those of background communities (assessed through reference stones) and/or macroinvertebrate drift; and (4) if macroinvertebrate communities are related to local environmental factors at different spatial scales, at different stages of stone recolonization. This study provides new information on tropical streams, where ecological patterns and processes affecting macroinvertebrate communities are still poorly known (Boyero 2000) .
STUDY SITE
The study was conducted from 11 April to 10 May 2001, at La Selva Biological Station, Costa Rica (10
• 27'N, 84
• 0'W). The climate of the area is tropical, with a dry season beginning in December and a wet season beginning in May (Sanford et al. 1994) . La Selva and the adjacent Braulio Carrillo National Park protect much of the study stream (Ramírez & Pringle 1998) , the Quebrada Sábalo-Esquina, which flows through primary and secondary forest before joining the Río Puerto Viejo, on the Caribbean slope. This stream experiences spates during heavy rains (Sanford et al. 1994) , so it is appropriate for the study of recolonization processes. The study was conducted in two reaches (sensu Carter et al. 1996) of about 100 m length (reaches I and II) selected at random, with accessibility the only condition. Within a reach, two riffles were selected (A and B in reach I, C and D in reach II). Riffles had an average width of 10, 7, 5.5 and 7 m (riffles A, B, C and D, respectively). The substrate was composed mainly of cobbles at the study riffles, although boulders were common in the stream at greater altitudes. Riparian vegetation consisted of primary tropical rain forest on the western bank, and pastures on the eastern bank of the study riffles. During the study, water and air temperature varied little and were approximately 26.5 and 28.2
• C, respectively; pH was 6.5. Heavy rains occurred during part of the study (Figure 1 ).
METHODS

Experimental design
Stone recolonization. Stones are very appropriate spatial units for recolonization studies (Boulton et al. 1988) given that they are discrete habitats. Stone recolonization has been shown to begin within the first hour after a disturbance (Boyero & DeLope 2002) and to be completed in a relatively short time (8-30 d; Lake & Doeg 1985, Lake & Schreiber 1991). We studied the stone recolonization process over different periods of time that increased exponentially: 1 h, 22 h (1 d), 192 h (8 d) and 480 h (20 d). Thus, we covered from the shortest time period for which recolonization has been reported in tropical streams (Boyero & DeLope 2002) , to a period for which colonization has been shown to reach equilibrium in tropical streams (Rosser & Pearson 1995) . As all these periods apart from 1 h included both day and night hours, the 1-h sampling was performed twice, once in the day and once at night (1 h-d and 1 h-n). The experimental design was nested, to estimate the components of variance associated with successive hierarchical spatial scales: reach, riffle (nested into reach), and stone (nested into riffle). At each riffle, and for each of the recolonization periods, three experimental stones were subjected to recolonization (thus, there were 15 experimental stones per riffle, with a total of 60 experimental stones). Although three different experimental stones were used for each time period at each riffle, the periods were consecutive (not overlapping), and their order was selected at random.
All the experimental stones were first randomly selected (from the corresponding riffle), with the only condition of having a size greater than 10 cm (major axis), as it is likely that small stones show a distinct pattern of colonization, with rare species being absent (Douglas & Lake 1994) . Stones were washed and rubbed with a brush to eliminate macroinvertebrates, and then marked with a dab of paint in order to facilitate their relocation. Then, we selected three random points at each riffle, for the positioning of the three experimental stones (these points were always the same between periods, to avoid a confounding spatial effect within the riffle). After each period, stones were sampled with a net of 63 µm mesh placed immediately downstream of the stone. The stone was lifted and placed into the net, where it was washed and rubbed by hand to dislodge the attached macroinvertebrates, which were collected in a sample bottle placed at the end of the net. Samples were preserved in 4% formaldehyde in the field, and taken to the laboratory for macroinvertebrate identification.
Background communities. Reference stones were sampled for two purposes: (1) making allowance for differences in background communities between the beginning and the end of the experiment, and between day and night, which could affect the results of the experiment; and (2) assessing the variation of background communities at the scales of reach, riffle and stone, in order to compare this variation with that of communities recolonizing stones. These background communities are present in stones when the colonization is complete (Downes et al. 2000) . At each riffle, we sampled three sets of three reference stones (three stones before the experiment in the day, three after the experiment in the day, and three after the experiment at night). Unfortunately, we could not sample reference stones before the experiment at night. The sampling method was the same as that used for experimental stones.
Macroinvertebrate drift. Drift samples were taken in order to assess their variation at the scales of reach, riffle and sample, and compare this variation with that of communities recolonizing stones. Drift is one of the main sources of colonists of stones, probably at the scales of riffle and reach (drift distances are usually in the range of 10-100 m; Townsend & Hildrew 1976) . Four samples were taken at each riffle at the beginning and the end of the recolonization experiment, and at each of two light conditions (day/night). Thus, there was a total of 64 drift samples. The nets (500 µm mesh, mouth of 15 cm diameter) always sampled the same water volume (15.6 m 3 ), because sampling time was varied according to current velocity at each point (see Boyero & Bosch 2002) .
Environmental variables.
At the exact location of each experimental or reference stone, we measured environmental variables, in order to relate the local environment to communities at each stage of recolonization and to background communities. Current velocity was measured 5 cm above the streambed with an Owens River Hydroprop flowmeter (Great Atlantic, UK); water depth was recorded with a metre ruler; stone surface area was measured by foil wrapping (following Doeg & Lake 1981) ; and the three dimensions of each stone were measured with a metre ruler, in order to estimate stone shape (see below).
Laboratory methods
In the laboratory, macroinvertebrates were sorted under a dissecting microscope. They were identified using available literature (M. Springer, unpubl. data; Roldán 1988) , to different taxonomic levels: genus or family for Ephemeroptera, Coleoptera and Trichoptera; genus or subfamily for Diptera; family for Lepidoptera and Heteroptera; suborder for Odonata; and no finer taxonomic level for Hydracarina, Tricladida, Oligochaeta, Gastropoda and Decapoda.
Statistical analysis
We described macroinvertebrate communities (in experimental stones, reference stones and drift samples) by total abundance (number of individuals per stone/sample) and taxon richness (number of taxonomic groups per stone/sample). Additionally, gradients in taxonomic composition (only in experimental stones) were assessed by a Detrended Correspondence Analysis (DCA; software PC-ORD 3.17). This ordination technique, widely used in the study of macroinvertebrate communities (Boulton & Lake 1992 , Tate & Heiny 1995 , allowed us to summarize the taxonomic composition of stones into two axes or variables that accounted for 81% of the variance (54 and 27%, respectively), so that they were considered a good representation of the taxonomic composition of stones. DCA axis scores were used in subsequent univariate analyses (as in Tate & Heiny 1995) .
In all cases (experimental stones, reference stones and drift samples), variation of community structure (and composition, in the case of experimental stones) at different spatial scales was assessed by a nested ANOVA/ ANCOVA model, with spatial scales (reach; and riffle, nested into reach) as random factors. Stone/sample constituted the error term of the design. Stone surface area was used as a covariate when abundance or richness were the dependent variables, given that it exerts a high influence on both factors . When necessary, variables were log-transformed to meet the ANOVA assumptions.
Stone recolonization. We assessed the relative variation accounted for by each spatial scale, for abundance, richness and the two DCA axes. A separate analysis was performed for each period of recolonization (1 h, 1 d, 8 d, 20 d) . Despite the high number of tests (four for each of the four variables), we were only interested in the components of variance accounted for by each spatial scale, rather than in probability levels.
Additionally, variation in abundance and richness was examined including time as a fixed, crossed (not nested) factor in the model, in order to assess the interaction between spatial scale and time of recolonization. In this case, we were interested only in probability levels, because variance components cannot be calculated for fixed factors.
Background communities. We looked for differences in abundance and richness between the three sets of reference stones (before, after-day and after-night). A nested model was used to ensure that stones from one riffle were compared only with stones from the same riffle (a factorial design would have pooled data from all the riffles). We assessed the relative variation accounted by each spatial scale for abundance and richness, considering both variance components and probability levels.
Drift samples. We assessed the relative variation accounted for by each spatial scale for abundance and richness in drift samples, considering both variance components and probability levels. Note that drift abundance and density are equivalent (all samples corresponded to the same water volume).
Environmental variables. Abundance and richness of experimental stones (1 h, 1 d, 8 d and 20 d stones) and reference stones were related to current velocity, water depth, stone surface area and stone shape through multiple regression. Stone shape was estimated by performing a Principal Components Analysis on the three stone dimensions (corrected by stone area in order to eliminate its effect), which resulted in a first component accounting for 73% of the variance (eigenvalue 2.18). As 10 independent regressions were performed, we corrected probability values with a sequential Bonferroni procedure. Additionally, the relative variation accounted by each spatial scale for environmental variables was assessed with a nested ANOVA model, similar to that used for communities, considering both variance components and probability levels.
RESULTS
Stone recolonization
A total of 34 taxonomic groups were identified in the experimental stones (a detailed list of these taxa, with their abundances at each riffle at each recolonization time, is given in the Appendix 1). The most abundant taxa were Simuliidae and Baetidae (39 and 23% of total individuals, respectively), followed by Chironomidae and Leptohyphidae (12 and 8%). Overall, dipterans were the most abundant at every recolonization period, followed by ephemeropterans, then other insects and, finally, noninsects (Figure 2) . Changes of abundance and richness through the recolonization period are shown in Figure 3 , for each of the four study riffles.
The percentage of variance in macroinvertebrate abundance accounted for by each spatial scale differed only at 1 d (with high variance accounted for reach scale), being similar between the other periods (with high variance accounted for riffle scale; Figure 4 ). Variation in taxon richness changed with recolonization period, with high variance accounted for at riffle scale at 1 h; all the variation was explained by the stone scale (including error) at 1 d; almost all variation corresponded to the riffle scale at 8 d; and, finally, the reach scale accounted for high variation at 20 d (Figure 4) . When spatial and temporal factors were analysed together (Table 1) , both abundance and richness varied significantly at the riffle scale but not at the reach scale, and only abundance varied with time of recolonization. There were no significant interactions between time and spatial scale.
Taxonomic composition showed a different pattern of variation through the recolonization period ( Figure 5 ). The first DCA axis had the highest variation at reach scale, except at 8 d (with high variation at riffle scale), and stonescale variation clearly decreased through the process of recolonization. The second axis had the highest variation at the stone scale, except at 8 d, with a percentage of variation at riffle scale similar to that of the first axis. 
Background communities
There were no significant differences between the three sets of reference stones (abundance: F 2,2 = 2.63, P = 0.276, richness: F 2,2 = 0.72, P = 0.581), suggesting that background communities did not change during the experiment in the studied riffles. This also suggested that stone communities did not show diel changes, unlike those shown by macroinvertebrate drift in this stream (Boyero & Bosch 2002) . A total of 35 taxonomic groups were found on reference stones (a detailed list of these taxa, with their abundances at each riffle at each time, is given in the Appendix 2). In this case, Chironomidae and Leptohyphidae were the most common taxa (34 and 19% of total individuals, respectively), followed by Simuliidae and Baetidae (13 and 12%). Again, dipterans were the most abundant overall, followed by ephemeropterans (Figure 2) .
Only the riffle and stone scales accounted for the variation of community structure in reference stones (Figure 4) . However, only richness varied significantly at the riffle scale (F 2,31 = 5.99, P = 0.006).
Drift samples
Macroinvertebrate drift showed a high variation at the riffle and sample scales, with little or no variation at the reach scale (Figure 4) . Both abundance and richness varied significantly at the riffle scale (abundance: F 8,48 = 4.58, P < 0.001; richness: F 8,48 = 4.14, P < 0.001).
Environmental variables
The relationships between environmental variables and community structure depended on recolonization time (Table 2 ). While taxon richness was related to the local environment only at 1 h of recolonization, abundance was strongly related to local conditions at 1 h and 8 d, and the relationship was almost significant at 1 d. However, there was no relationship at 20 d. Abundance (but not richness) of background communities was also strongly related to the local environment (Table 2) . Relative spatial variation of the environmental variables occurred mostly at the stone scale ( Figure 6 ). However, current velocity varied significantly at the riffle scale (F 2,56 = 7.10, P = 0.002), and water depth at the reach scale (F 1,2 = 18.9, P = 0.049).
DISCUSSION
Abundance and richness in macroinvertebrate communities recolonizing stones varied at the riffle scale, but not at the reach scale, in our tropical stream. Although there were no interactions between time of recolonization and spatial scales, there seemed to be some changes in the relative variation of riffle and reach scales during the process: at 1 d, abundance did not vary at the riffle scale, but did so considerably at the reach scale, and the same occurred for richness at 20 d. In background communities, abundance varied mostly at the sample scale, but richness varied highly at the riffle scale, with a percentage of variation similar to that of richness at 1 h of recolonization. Drift abundance and richness varied highly at riffle scale, with abundance also showing some variation at reach scale. These observations suggest that the number of individuals arriving at stones could depend on background communities at a local scale, and on macroinvertebrate drift at riffle and reach scales. This is consistent with patterns of displacement of macroinvertebrates, which move short distances by crawling or swimming (local scale), and longer distances by drift, usually of 10-100 m (riffle-reach scales) (Townsend & Hildrew 1976) . It has been found that animals from drift numerically dominate the recolonizing fauna, both in temperate (Townsend & Hildrew 1976 ) and tropical streams (Benson & Pearson 1987) , and Ramírez & Pringle (1998) have suggested that the influence of drift on stone recolonization is high in our study stream. However, the spatial scales at which drift contributes to stone recolonization, with respect to background communities, have not been assessed. Our observations also suggest that the number of taxa arriving at stones depends on both background communities and drift, mostly at the riffle scale. Communities on stones subject to recolonization were related to local environmental factors, at least at some stages of recolonization. Relationships were generally strong between macroinvertebrate abundance and the local environment. Although the relationship at day 1 was marginally significant, it seems that local environment influences macroinvertebrate abundance through the process of recolonization, at least until day 8. The local environment also influenced abundance in background communities, that is, when the recolonization is complete. However, taxon richness was only related to the local environment at the first hour of recolonization. Thus, the local environment is more likely to affect the number of individuals than the number of taxa that approach a stone. Although taxon richness is usually strongly related to abundance, the number of taxa may be also influenced by environmental factors at higher spatial scales, which partly determine the pool of taxa present.
Our results regarding the 20 d of recolonization should be considered with caution. During this period, there were two or three events of heavy rain (days 3-5, 8-11 and 17-18 of the period, Figure 1 ), which are likely to have produced high-flow episodes (spates) in the study stream. These spates may have caused some degree of disturbance on the experimental stones, and thus we cannot be sure that these stones have been recolonized continuously for 20 d (the last recolonization period could actually have been of only 15, 9 or even 2 d). This could explain the decrease in macroinvertebrate abundance from 8 to 20 d of recolonization in three of the four riffles, although taxon richness only decreased in one of the riffles (Figure 3 ). This pattern is described with relative frequency in recolonization studies (Rosser & Pearson 1995) .
However, spates are not usually strong enough to dislodge all the stones in a riffle, and only some of them are disturbed, so stones are usually surrounded by large numbers of potential colonists (Boulton et al. 1988) . This fact, in addition to the high mobility of most macroinvertebrates, means that the process of stone recolonization is usually fast and begins immediately after a disturbance (Boyero & DeLope 2002) . The fact that various high-flow events occurred during the 20-d period indicates that the frequency of spates may be high in the study stream during the rainy season, and thus the normal process of recolonization may take less than 20 d, at least for stones with a size similar to our experimental stones (10-23 cm major axis) and not packed into the streambed. If this is true, and longer recolonization periods are unusual, the patterns of stone recolonization observed here are probably repeated continuously during the rainy season (note that although the high-flow events may have also disturbed our reference stones, they showed no differences before and after the experiment, so we considered them a good representation of background communities). This pattern, however, may not be applicable to the dry season, when spates are less frequent and, thus, recolonization periods are probably longer. It would be desirable to repeat this study at different times of the year, because the present results may only illustrate recolonization under specific seasonal conditions. Taxonomic composition of communities recolonizing stones was more variable at reach than at riffle scale, except at day 8. However, the proportions of higher taxonomic groups were similar through the different periods, with dipterans and ephemeropterans always dominant on recolonizing stones (as well as in background communities). The most abundant families on recolonizing stones were Simuliidae and Baetidae, followed by Chironomidae and Leptohyphidae. These were also the most abundant families in drift samples (Boyero & Bosch 2002) , excepting Chironomidae, but this was probably due to the use of a relatively big mesh size (500 µm), which precluded us from taking most chironomids from the drift. Moreover, the cited taxa are generally the most common drifting taxa (Downes & Keough 1998) , and they have also repeatedly been found as early colonizers of denuded substrates (Mackay 1992) .
In summary, macroinvertebrate communities that are recolonizing disturbed stones show distinct patterns of variation at different spatial scales, being more variable at riffle scale than at reach scale, although some differences may be found at different stages of recolonization. Because of patterns of variation of background communities and macroinvertebrate drift at different spatial scales, the contribution of these two sources of colonists to recolonization may vary with scale: numbers of recolonizing individuals may depend on background communities at local scales and on drift at riffle and reach scales, while numbers of recolonizing taxa may depend on both sources at riffle scale. The number of recolonizing individuals (but not the number of recolonizing taxa) was strongly related to the local environment.
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